to quantum efficiency, Le., -76.3%, and the less than 1 coupling efficiency between fiber and gain medium, i.e., -92%, the measured 68% slope efficiency represents an almost perfect mode volume matching between the pump beam and the IR beam in the gain medium.
At high power operation, the optimum cavity parameters vary as a function of the pump power. The beam quality factor, M2, improved to 1.9 at a pump power of 15 W, and the effective focal length is measured to be 7.7 cm.
To achieve high green light conversion efficiency, we designed a folded cavity for intracavity frequency doubling. In this design, it is possible to adjust mode sizes at Nd:WO, and KTP sites separately. The copper-wrapped Nd WO, and KTP crystals were cooled by circulating air. 1.5 W of green power was generated at pump power of 12.8 W. In such operation, the beam wondering angle is much greater than that for the IR beam alone when there is no KTP crystal involved. The angle was measured to be 0.14', which may be attributed to thermal heating of KTP crystal.
To probe the thermal properties of the gain medium, we employed a white-light 1.3-pm light, which has a bandwidth of 60 nm and is equivalent to a coherent length of 9 pm. The collimated white light is delivered to the Nd: WO, crystal directly through the folding mirin Fig. 2 . Due to the high sensitivity of the measurement system, multiple reflections among the GRIN lens, first and second faces of the N d W O , crystal can be observed. With multiple passages ofthe probe light in the crystal, the thermal effects on the probe light is enhanced, accordingly. Combining the multiple passages and a factor of ten time average on the coherent peak, a measurement resolution of 0.5 p m is achieved. Figure 3 shows the effective crystal expansion due to optical pumping. Taking into account the thermal expansion and thermally induced index change, the temperature at the center of the N d W O , is determined to be 85.3"C. We have also measured the thermal relaxation time to be 5.5 min, which is defined as the time needed to cool the crystal to half of the temperature when optical pumping existed.
In conclusion, thermal lensing is fully taken into account in obtaining high pumping efficiency, slope efficiency as high as 68% is achieved for the IR light. The temperature at the center of the gain medium is measured to be 853°C when pumped at a power density of 13.7 MWlm'. The temperature relaxation time is also determined to be 5.5 min.
This work is sponsored in part by the Na- CTuI3 Fig. 1 . Diode-pumped NdYAG laser with a quarter-wave plate for compensating stress-induced birefringence.
from stress-induced birefringence that dramatically reduces the efficiency of low gain lasers at high pump powers. Various techniques for compensating stress-induced birefringence have been described (e.g., Refs. 3 and 4), but which are not well-suited for low gain end-pumped lasers employing a single laser rod.
Here we describe an alternative technique for reducing the effects of stress-induced birefringence, suitable for use in end-pumped solid-state lasers. We have applied this technique to a 946-nm Nd:YAG laser end-pumped by a 20-W diode-bar. Our approach utilizes only a single quarter-wave plate located in the small gap between the pump incoupling mirror and the NdYAG rod shown in Fig. 1 . The quarter-wave plate is aligned with its fast or slow axis parallel to the desired plane of polarization, in this case defined by a Brewster plate polarizer (xdirection). The principle of operation can be explained by considering the transit of linearly polarized light from the polarizer to the pump incoupling mirror and back to the polarizer. Rays that pass propagate along the laser rod in the x-z or y-zplanes will not experience any change in polarization state after a double pass of the Nd:YAG and quarter-wave plate, since the radial and tangential components of stress are parallel or perpendicular to the qyaxes for these rays. The rays that would normally experience the largest change in polarization state, and hence loss at the polarizer, propagate along planes inclined 45' to the x-z and y-zplanes, where the radial and tangential stress components are inclined at 45' to the q y axes. With the quarter-wave plate present in the cavity, the radial and tangential polarization components, after a single pass of the laser rod, will subsequently be rotated by 90" on double passing the quarter-wave plate, thus emerging after a second transit of the laser rod, with no net change in the polarization state, hence no loss at the polarizer. Some degree of birefringence compensation will also occur for rays propagating along other sectors of the laser rod, with the net overall result that depolarization loss is substantially reduced, To demonstrate the effectiveness of this technique we compared performances of our diode-bar-pumped 946-nm Nd:YAG laser with and without the quarter-wave plate. The results shown in Fig. 2 indicate that the maximum linearly polarized output (without the quarter-wave plate) was limited by the effects of stress-birefringence to -2 W. In contrast, CTuI3 Fig. 2 . Laser output power versus incident pump power with the quarter-wave plate (solid-line) and without the quarter-wave plate (dotted line).
with the quarter-wave plate present the maximum output power was -2. Fig. 1 . Experimental setup.
single custom-made diffractive element for thermal aberration correction, resulting in single-mode operation at high pump power.
The experimental arrangement is shown in Fig. 1 . A conventional stable laser cavity is formed using an HR-coated concave mirror and an 83% reflective flat output coupler. The laser medium is a 25 mm X 3 mm X 2 mm slab ofYVO, with 1.1% Nd concentration. The two ends of the crystal are polished and AR-coated at 1.064 Fm. The pump side is polished and AR-coated at 808 nm and the opposite side is HR-coated at 808 nm to reflect all the unabsorbed pump radiation back into the mode volume. The crystal is watercooled from top and bottom for efficient heat removal. The 20-W cw laser diode array pump source (SDL-3470) was temperature-tuned using thermoelectric coolers to a wavelength of 809 nm, corresponding to the strongest absorption line in YVO,. The pump radiation was focused into the fundaniental inode volume inside the crystal with the help of a cylindrical microlens. A multi-order half-wave plate was used to rotate the polarization of the pump for maximum (apolarization).
Aberration measurements were performed using a computerized Mach-Zehnder interferometer (Ladite 4.1, WYKO). A collimated He-Ne laser beam served as a probe by passing through the crystal along the same optical path as the N d W O , laser mode. An afocal imaging system was used to relay the accumulated phase aberrations to the interferometer for measurement. A diffractive optical element was then designed to correct for this integrated phase distortion in a single plane. Because the operating efficiency of the laser influences the amount of residual heat and thus the resulting aberrations, we developed a strategy to predict the resulting thermal distribution during operation with the diffractive element. By inserting different neutral density filters in the cavity, the multimode output power was modified to simulate the expected aberration profile when the diffractive optical element is placed in the cavity. Figure 2 shows the OPD profile at the maximum pump power of 20 W. The pump is at the left-hand side ofthe profile. The OPD has a peak-to-valley magnitude of about two waves at 1.064 ym. A cross-sectional slice through the modal volume shows a distinct V-shaped aberration profile perpendicular to the pumping axis. The diffractive optical element was fabricated by wet etching of fused silica substrates using a 16-level mask-andetch process, and was AR-coated at 1.064 pm.
The phase front of the piobe beam was measured after the diffractive element was inserted in the cavity. It had a peak-to-valley variation of less than quarter-wave, satisfymg the Rayleigh criteria. We next measured single-mode output power at different current levels. Figure 3 shows the single-mode output power with and without the diffradive element. In the absence of the ele- CTuI4 Fig. 2 . Contour plot of the OPD profile of the aberrated probe beam with maximum output power. The peak-to-valley magnitude is 2 waves at 1.064 ym.
-with element ---without element Input power (W) CTuI4 Fig. 3 . Single-mode output power (with and without the element in the cavity).
ment, only 330 mW of single-mode power is achievable and it gradually drops at higher input power levels. With the diffractive element in the cavity, single-mode output power increased by more than 3 times to a maximum of 1.05 W at highest input power. The slope efficiency measured at mid power was 16.4%, an increase of four times over the uncorrected performance. A computer model of the cavity was used to predict the fundamental mode shape, cavity loss, higher-order mode discrimination, and tolerance to pump power operating point, corrector plate misalignment, and diffractive element fabrication errors. These predictions and the corresponding experimental measurements demonstrate that diffractive optics correction of aberrations is a viable technique for high-power solid-state laser operation.
